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An in situ bulk ultrafine bimodal eutectic Al–Cu–Si composite was synthesized by
solidification. This heterostructured composite with microstructural length scale
hierarchy in the eutectic microstructure, which combines an ultrafine-scale binary cellular
eutectic (a-Al + Al2Cu) and a nanometer-sized anomalous ternary eutectic (a-Al +
Al2Cu + Si), exhibits high fracture strength (1.1  0.1 GPa) and large compressive plastic
strain (11  2%) at room temperature. The improved compressive plasticity of the
bimodal-nanoeutectic composite originates from homogeneous and uniform distribution
of inhomogeneous plastic deformation (localized shear bands), together with strong
interaction between shear bands in the spatially heterogeneous structure.
I. INTRODUCTION
Recently, in situ bulk nanostructure-dendrite compos-
ites that simultaneously combine high strength and good
plasticity have been highlighted because of their unique
mechanical properties and easy manufacturing process
(simple single step casting).1–3 These appealing properties
can be introduced by bimodal microstructure distribution
with micrometer-sized dendrites embedded in the matrix
of nano-/ultrafine-scale eutectics. The high strength is
provided by the nano-/ultrafine eutectic matrix, whereas
the enhanced plasticity stems from the inhomogeneous
microstructure that suppresses deformation instability.4–7
Plastic deformation of these composite materials occurs
through a combination of dislocation-based slip in the
dendrites and constraint multiple shear banding in the
nanostructured matrix.8–16
In this scenario, it is possible to assume that, in gen-
eral, a bimodal distribution of constituent phases and
length scales can be beneficial for the room temperature
plastic deformability of high-strength nanostructured
materials. However, there have been no studies related
to the synthesis and mechanical properties of bimodal
ultrafine eutectic composites containing eutectics with dif-
ferent length scales. Moreover, compared with other me-
tallic materials, Al alloys are one of the best lightweight
engineering materials for many industrial applications
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because of their high specific strength and good corrosion
resistance.17–20 Therefore, it is worth developing high-
strength light alloys, especially Al-rich nano-/ultrafine eu-
tectic composites with high specific strength and large
plastic strain at ambient temperature. For this, we selected
the simple binary (Al83Cu17) and ternary eutectic
(Al81Cu13Si6) compositions in the Al-rich corner of the
respective phase diagrams as starting compositions.21
In this study, we present a new class of nanocompos-
ite with length scale hierarchy in the eutectic structure
for Al-base alloys, which exhibits enhanced plasticity
but also retains high strength at room temperature. Tai-
loring of the heterostructured nanocomposite has been
achieved by appropriate alloy selection and controlled
solidification. The high strength of the nanocomposite
is attributed to the interlamellar spacing of the constitu-
ent eutectics, whereas the large plasticity is from the
retardation of shear localization and suppression of the
mechanical instability, caused by strong interaction of
shear bands within the spatially heterogeneous structure.
II. EXPERIMENTAL
The Al83Cu17 (alloy I) and Al81Cu13Si6 (alloy II)
alloys were prepared by arc melting of the high purity
elemental constituents under an Ar atmosphere. Cast
samples were produced by injection casting into a cylin-
drical cavity with 1-mm diameter and 50-mm length.
Microstructural analysis of the as-cast and deformed
samples was performed by scanning electron microscopy
(SEM; S-2700; Hitachi, Tokyo, Japan). X-ray diffraction
(XRD; monochromatic Cu Ka radiation, CN2301;
Rigaku, Tokyo, Japan) and transmission electron micros-
copy (TEM; 2100F; JEM, Tokyo, Japan) coupled with
energy-dispersive x-ray analysis (EDX; INCA system;
Oxford Instrument, High Wycombe, Bucks, UK) were
used for structural characterization and phase identifica-
tion. The TEM samples were prepared by conventional
ion milling (Model 600l Gatan, Vienna, OH). The room
temperature mechanical properties were evaluated by
uniaxial compression tests in an Instron-type machine.
Cylindrical specimens with a 2:1 aspect ratio were
prepared and tested at a strain rate of 1  104/s.
III. RESULTS AND DISCUSSION
Figure 1 shows the XRD pattern [Fig. 1(a) inset] and
SEM secondary electron micrographs [Figs. 1(a) and
1(b)] of the as-cast alloys I and II. Both alloys exhibited
very similar diffraction patterns. The diffraction peaks of
alloy I can be identified as a mixture of a face-centered
cubic (fcc) a-Al solid solution (Fm3m, a = 0.4039 nm)
and a body-centered tetragonal (bct) y phase (Al2Cu)
(I4/mcm, a = 0.6064 nm and c = 0.4873 nm).22 For alloy
II, weak additional peaks corresponding to a diamond
cubic (dc) Si phase (Fd3m, a = 0.543 nm) are present
besides the reflections of the a-Al solid solution and
y phase (Al2Cu) phases.
23 The SEM micrograph of alloy
I depicted in Fig. 1(a) shows a typical regular lamellar
eutectic structure, in which two phases are arranged in
an alternating fashion with a lamellar spacing of 200–
300 nm. In contrast, alloy II exhibits a significantly
different morphology compared with alloy I. As shown
in Fig. 1(b), the morphology of the overall microstruc-
ture clearly shows a bimodal distribution of the constitu-
ent phases with length scale heterogeneity. This
inhomogeneity is characterized by the coexistence of a
micrometer-sized cellular-type eutectic and a complex
nanocrystalline matrix. For the cellular eutectic region
with spherical morphology in alloy II, the volume frac-
tion, the average colony size, and the lamellar spacing
are 75–85 vol%, 10–20 mm, and 300–700 nm, respec-
tively. EDX analysis shows similar compositions for
both the overall lamellar eutectic region (alloy I) and
the ultrafine cellular eutectic region (alloy II), whereas the
FIG. 1. SEM secondary electron micrographs and XRD patterns of
the as-cast alloys I and II: (a) alloy I (Al83Cu17) and (b) alloy II
(Al81Cu13Si6).
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fine and complex nanostructured matrix region (alloy II) is
enriched in Si, indicating the presence of the Si phase in
the nanocrystalline matrix. Moreover, analyzing the in-
dividual alternating phases within the cellular eutectic
region of alloy II shows that the bright phase is enriched
in Cu and the dark phase is enriched in Al, respectively.
From the structural and phase analyses, one can con-
clude that the alternating dark and bright phases in the
cellular-type eutectic of alloy II are related to the a-Al
solid solution and the y phase (Al2Cu), respectively,
whereas the nanostructured matrix exhibits very fine
and complex multiple phases containing the diamond
cubic (dc) Si phase.
Figures 2(a)–2(d) show bright field (BF) TEM images
and selected-area electron diffraction (SAED) patterns
for the as-cast alloys I and II. The BF TEM image in
Fig. 2(a), obtained from the as-cast alloy I, shows the
regular lamellae with ultrafine scale. The average lamellar
eutectic spacing is 200–300 nm, which is in good agree-
ment with Fig. 1(a). The orientation relationship between
the two phases in the eutectic has been determined to be
[110]a-Al//[120]y and (111)a-Al//(211)y.
23 For the as-cast
alloy II, the BF TEM image [Fig. 2(b)] presents the
complex multimodal eutectic structure containing different
length scale eutectics, i.e., the micrometer-sized cellular
eutectic (a-Al + y) and a nanometer-sized anomalous ter-
nary eutectic (a-Al + y + Si). Moreover, the micrometer-
scale cellular eutectic phases are evenly distributed in the
nanoscale ternary eutectic matrix. Figures 2(c) and 2(d)
show enlarged views of the regions marked by the squares
A (cellular eutectic) and B (nanocrystalline matrix) in
Fig. 2(b). The inset SAED patterns correspond to the
[110] zone of the fcc structure of the a-Al solid solution
and the [120] zone of the bct structure of the y phase,
respectively. Figure 2(d) shows the interlocked ternary
eutectic structure showing the size, shape, and distribution
of the three phases (bright contrast phase, Si; gray contrast
phase, a-Al; dark contrast phase, y). The inset shows the
SAED pattern for the [110] zone of the dc structure of the
Si phase. No specific orientation relationship between
the a-Al/Si and y/Si phases can be identified. EDX analy-
sis showed that the average compositions of the a-Al and
y phases in alloy I are Al97.6Cu2.4 and Al66.5Cu33.5, respec-
tively. In the case of alloy II, the average compositions of
the gray contrast (a-Al), dark contrast (y), and bright con-
trast (Si) phases were Al96.8Cu2.7Si0.5, Al63.8Cu35.4Si0.8,
and Al5.7Cu6.1Si88.2, respectively, indicating that the solu-
bility of Cu in the Si phase and of Si in the y phase is very
limited and negligible.
Figure 3(a) presents the room temperature engineering
stress-strain curves of the as-cast samples and SEM
secondary electron micrographs [Figs. 3(b) and 3(c)]
taken from deformed samples. Alloy I, which has a
completely ultrafine-scale lamellar eutectic structure,
exhibits ultrahigh yield (sy: 1.0  0.05 GPa) and ulti-
mate fracture (sf: 1.2  0.1 GPa) strength with limited
plastic strain (ep: 2  0.5%). The yield strength
in this study corresponds to the stress level when the
FIG. 2. Bright-field TEM image (a)–(d) and corresponding selected area diffraction patterns of the as-cast alloys I (Al83Cu17) and II
(Al81Cu13Si6).
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stress–strain curve deviates from the linear elastic range.
On the contrary, alloy II has a lower yield strength (sy:
0.8  0.05 GPa) and ultimate fracture strength (sf: 1.1 
0.1 GPa) but significantly larger plastic strain (ep: 11
2%). However, large size samples (2-mm diameter)
exhibited relatively reduced mechanical properties,
because of the coarsening/modulation of the respective
microstructure (Figs. 1 and 2) and introduction of the
flaws such as micropores during solidification (not
shown). Figures 3(b) and 3(c) show the fracture surface
morphologies of the failed samples (alloys I and II),
respectively. The fracture surface of alloy I [inset in
Fig. 3(b)] with fine lamellar structure shows numerous flat
facets with cracks and decohesion of the colony boundary
on deformation. It shows cleavage-like features, indicating
that the fracture occurred in a brittle manner. Although
macroscopic cleavage fracture exists, detailed microscopic
observation of individual layers evidently shows that the
deformation of the ductile a-Al layers is accompanied by
pull-out and softening, whereas the brittle y (Al2Cu) layers
failed by predominantly sharp-faceted cleavage fracture, as
indicated by arrows in Fig. 3(b). On the contrary, as
depicted in Fig. 3(c), alloy II shows an apparently changed
fracture behavior. The main fracture feature is a rough
dimple-like pattern with manifestations of plastic deforma-
tion. The inset image in Fig. 3(a) shows the lateral surface
of a deformed sample (alloy II). Abundant deformation
bands with a spacing of 2–10 mm are homogeneously
distributed over thewhole surface region [inset in Fig. 3(a)].
Closer inspection of the lateral and the fracture surfaces
of deformed samples (alloy II) shows large deformation
before failure. Therefore, it is clear that the bimodal distri-
bution of eutectic phases with different length scale has
a strong influence to improve the compressive plastic
strain for high-strength Al-based ultrafine eutectic alloys.
In view of that, the specific heterogeneous structure should
be beneficial to the retardation of shear localization and
the suppression of crack nucleation, thus stabilizing more
homogeneous overall plastic deformation.
In general, when the growth conditions are not con-
trolled, the final eutectic morphology can be changed to-
ward a dendritic or an anomalous eutectic structure, where
the eutectic growth is noncooperative.24 A higher growth
rate may render some deviation from the eutectic compo-
sition and restrictions of cooperative growth, which leads
to primary dendritic phase formation.25 In this study, the
formation of the unique heterostructured composite can
be explained in terms of the applied nonequilibrium solid-
ification conditions. The relatively high cooling rate
(injection casting: 102103 K/s) and the Si addition desta-
bilize the solid/liquid interface (morphological instability),
which is influenced by the topological and crystallo-
graphic anisotropy of the two-phase solid/liquid interface,
and shift the composition in the coupled zone for the
eutectic growth. Thus, the preferential formation of a
coupled two-phase univariant cellular eutectic structure
and a regular-to-anomalous eutectic morphology transi-
tion can occur. Accordingly, the formation of a new class
of nanocomposite based on the homogeneous distribution
of an inhomogeneous structure with length scale hierar-
chy (ultrafine-scale cellular eutectic + nanometer-scale
anomalous eutectic) is possible.
Considering the correlation of microstructure and me-
chanical properties, the strength is primarily related to the
interlamellar spacing by a Hall-Petch–type relationship,24
whereas the compressive plasticity strongly depends on
the microstructural features including the length scale, the
volume fraction, and the size and the distribution of the
constituent eutectic phases. Hence, the particular hetero-
structured nanocomposite (alloy II) can effectively release
the highly localized shear deformation by generation of
multiple shear bands that would otherwise induce cata-
strophic failure. Furthermore, deformation and fracture
behavior are more uniform, and the stress state may be-
come complex, thus leading to an overall homogeneous
plastic deformation throughout the whole sample volume.
In other words, a spatially homogeneous distribution of
heterogeneous structures in nano-/ultrafine-structured
materials leads to unique mechanical properties, i.e., en-
hanced compressive plasticity as well as high strength, by
means of preventing inhomogeneous plastic deformation
(highly localized shear banding) and inducing overall ho-
mogeneous plastic straining (multiple shear banding).26
FIG. 3. Room temperature mechanical properties (a) of the as-cast
rod samples and SEM secondary electron micrographs (b, c) of failed
samples: (a) compressive stress-strain curves, (b) fracture surface of
alloy I, and (c) fracture surface of alloy II; the inset in (a) shows the
lateral surface morphology of the deformed alloy II.
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Our results show that by designing a microstructure with
different size scales even in Al-rich, Al-based crystalline
alloys, 1.2 GPa and 11% of strength and plastic strain,
respectively, can be obtained in compression. The level of
strength is approximately three times higher than for con-
ventional aluminum-based alloys.17 However, for evalua-
tion of ductility, it is necessary also to conduct tensile tests
in which strain localization has a more important role.
Because the microstructure of newly developed Al alloys
depends on the processing condition, i.e., cooling rate, it is
difficult to prepare the novel microstructure with fine scale
(Figs. 1 and 2) in relatively larger or standard tensile
samples. Moreover, the injection cast samples in larger
dimensions suffers from casting defects such as porosity,
thus obstructing the suitable tensile testing for this study.
Nevertheless, obtaining strength on the GPa level for duc-
tile Al alloy (Al-rich)–based on eutectics in compression
is nontrivial and potentially interesting. Therefore, it is
believed that this result will have a great impact on the
research field of advanced metallic alloy development.
IV. CONCLUSIONS
A novel bimodal nano-/ultrafine eutectic composite
(Al81Cu13Si6) with different length scale eutectic phases
containing an ultrafine-scale binary eutectic and a nano-
meter-scale ternary eutectic was prepared using a simple
single-step solidification process. The extraordinary room
temperature mechanical properties combining high specif-
ic strength and large compressive plasticity are caused by
the favorable specific heterogeneous microstructure.
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